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Abstract

This paper investigates the syminetry of polarimetric scattering and emission coefhi-
cients of media with reflection symmetry. A reflection operator is defined and is used to
create theimages of clectromagnetic fields and sources. The unage fields satisfy Maxwell’s
cquations, meaning that Maxwell’s equations are invariant under the described reflection
operations, By applying the reflection operations to media with reflection symmetry, the
symmnetry prop erties Of the Stokes parameters, characteri zing the polarization st ate of
thermal emissions,are shown to agree with misting experimental data. The first two
Stokes parameters are symmetric withrespect to the reflection plane, while the third
and fourth Stokes paramecters have odd symmetry. in active remote seusing, the sym-
metry properties of the polarimetric scattering matrix clements of deterministic targets
and the polarimetric covariance matrix clements of random media or distributed targets
arc examined. For deterministic targets, the c1-oss-polari zed responses arc odd functions
wit h respect t o the symmet ry direct ion, whercas the Co-polarizcd Iresponses are evel
functions. For distributed targets or random inedia, it is found that the correlations of
co- and cross-polarized responses are anti-symmetric with resp ect to the reflection plane,
while the other covariance matrix elements are syinmetric. Consequently, in the cases of
backscatter,t he co- and cross- polarized components are completely ull-correlated when
the incidence direction is on the symmetry plane. The derived symmetry properties of
polarimetric backscattering cocflicients agree with the predictions of a tw’c)-scale surface
scat tering model and existing sea surface H H and V'V backscatter data. Finally, the con-
ditions for a general type of media, i.e., bianisotropic media to be reflection symmetric

are examined.




1. Introduction

This paper discusses the syminetry properties of the polarization components of ac-
tive scattered fields and passive thermal radiations from media with reflection symnetry
inlight of recent significant interests in polarimetric active and passive remote sensing
of geophysical inedia, particularly, wind-roughened ocean surfaces, which are symnnetric
to the wind direction, In active remote sensing, the HH or VV backscatter from wind-
induced sea surfaces has been known to be syminetric with respect to the wind direction
[Wentz et al., 1984]. However, symmetries of the other polarimetric backscatteriug co
cfficients, characterizing the mutual correlation between the clectric fields collected with
two arbitrary antenna polarizations, have not yet been discussed. 1Inpassive remot e sens-
ing, the polarization states of thermnal radiations are described by a Stoke.s vector with
four parameters. The first two Stokes parameters of sea surface brightness temperatures
were found to be symmetric with respect to the ocean wind direction [Etkin et al., 1991;
Wentz, 1992; Yuch et al., 1994c], while the third Stokes paramncter was an odd function
for emissions from corrugated soil surfaces [Nghiemet a,, 1991], froin periodic water sur-
faces [Johnsonet al., 1 992; Yuchet a., 1994a], and fromseca surfaces at normalincidence
Dzura et al., 1992]and at incidence angles of 30 to 50 degrees [Yuch et al., 1994c¢]. Ad-
ditionally, those observed symmetry properties of Stokes paramcters arc consistent with
t he results generated by a theoretical cinissionmiodel for random rough surfaces [Yueh
ct al., 1993]. Although the experiment al evidence described above had suggested the
symmectries of polarimetric active scattering and passive emission coeflicients, there was
no rigorous explanation based on the Maxwell equations. Here, this paper shows that
the syminetries of electromagnetic fields scattered or emnitted from reflection synnnetric

media can be derived from the Maxwell equations.




Section 2 demonstrates that Maxwell’s equations are invariant under a described

reflection operator. Section 3 describes how the polarization vector compounents of electric
ficlds are t ransformed under the reflect ion operation.  Section 4 presents the symunetry
properties 0 f thermal radiations with respect to the reflection plane; while Section 5
presents the symmetry properties of polarimetric scattering coeflicients. The conditions

for media to be reflection symmetric are discussed in Section 6.
2. Reflection operations andtheinvariance of Maxwell’s actuations

This scction introduces areflection operator, which is used to define a complementary
problem with the ficlds corresponding to the immages of the fields in the original problem.
It is shown that theimage fields satisfy Maxwell’s equations to demonstrate the invariance

of Maxwell’s equations under the reflection operations.

Without loss of generality, throughout this paper, the x-z plane, unless otherwise
mentioned, is chosen as the reflection plane, with respectto which the reflection operation
is applied. The reflection operator R is defined as follows: When R is applied to a scalar

ficlda(@,y, z), it creates areflection image of the quantity by the following relation:

Ra(z,y,z)) = alx, —~y, 2) (1)

R (A(at,y, z)) =3 Agp(w, -y, 2) - yAy(e, —y,2) 4 2A:(x, -y, 2) (2)

Given the above definition, it is straightforward to show that for an arbitrary vector ficld
A,the following commutation relations hold true when R operates together with the

divergence and curl operators:

V-R(4)= ‘R (17.2) o

V X R(A) --m-7<, (Vx?f)
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Henee, R is commutable with the divergence operator, and does not change the divergence

of the vector field. Inn contrast, an additional minus sign is observed when the reflection
and curl oper ations are reversed. This is because the reflection operation causes a sign
change to the vector component Perpendicular to the reflection plane, thus changing the

handedness of the vector field.

Using R, we can define a complementary problem with the fields and sources related
to the images of those in the original problem as illustrated in Figure 1. Specifically, the

ficlds in the complementary problem, indicated by the superscript ‘prime’, are defined as

follows: ., B
E(r,y,z)=TR (]‘)(ar,y,z))
7)’(.1',3/.:):': R (Y)(T,y@)) @
Ty = R (I, 2))
Py z) = Ripla,y,2))
and
_H/(;r,y,z) =-R (?](:r,y,z))
5

73’(1', 12) = -7< (73(3?,1 ,z))

Note that unlike the electric fields and sources, theimages of “magnetic” quantitics H
and I3 carry an opposite signto the fields created by the reflection operator. That is,
t he reflection plane actually resemnbles a perfect magnetic-cond ucting wall. It contrast
to the above image fields, another set of fields can be ereated by simulating the reflection
plane as aperfect electrical-cc)ll(llctillg wall with the signs of all “clectric™ quantities
reversed, while maintaining the signs of magnetic quantitics. However, these two sets
of definitions lead to the same conclusions on the syminetry properties of polariinetric
therinal radiations (Section 4), polarimetric scattering coefficients (Section 5), and criteria
for a medium to be reflection symimetric (Section 6). Thus, we discuss only the case that
the reflection plane corresponds to a_perfect magnetic conducting plane.
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Inthe original problem, the electric field _I"j, magnetic field H, electric displaceinent

D and magnetic flux density I3 arc related to the charge density p and current density J

t hrough the Maxwell equations:

V-—Df:fp
V-B=0
. on
7ox e - 2
V x F a1
- on
Tx H = JA4 -
YV x 4 ot

Given the commutation relations of R with the divergence and curl operators, jt can

be shown that the fields and sources in the complementary problem satisfy Maxwell’s

equations. For the Gauss’ law of clectrie displacement, applying the commutation relation

of the reflection operator with the divergence operator leads to

VD= v R(D)=R(V-D)=R(p) = ¢

(7)

For t he Faraday induction law, which involves the curl operator, making use of the

cominuta ion relation results in
] —= S, =3
VxF =VxR (L) =-R (\7 X ]‘)) T et e e

. : o
In a simil r way, it can be shown that I¥' satisfies Gauss’ law:

ot -y OD
A/ Ly (e

(8)

(9)

(lo)

Hencee, the image fields and sources obtained through the reflection operations satisfy

Maxwell’s equations. In other words, Maxwell’s equations are invariant under the reflec-

tion operations.



3. Transformation of the polarized components of electric fields

‘1’0 facilitate the symmetry atalyses of polarimetric scattering and emission cocfli-
cients, this section shows how the horizontally and vertically polarized components of
clectric fields are transformed under the reflection operation. In polarimetric remote
sensing, an electric field in the far field regime propagating in the direction # (= o x h) is

decomposed into horizontal and vertical components, Figure 2,
E(6, ¢) = 15,(0,9)1(8,¢) -1 Fu(8,)5(8,9) (11)

where vand 0 represent the horizont @ and vertical polari zation vectors, respectively,

h(8,¢) = sinod — cos @y

(12)
0(0,0) = ~ cosBcos o - cosbsingy -+ sinbz
Aplying the reflection operator to the polarization vectors yields
R (76, ¢)) = ~(8,)
(13)

R(0(8,0)) == (6, ¢)

Hence, the electric field F in the complementary problem obtained from the reflection

operation 1s
I'(8,0) = R (E(6,0)) = —E},(6,~ $)i(8, ) + Eo(8, - $)0(6,¢) (14)

However, since the electrie field ' can also be expressed in terms of the polarization
vectors
E'(8,0) = 1)(8,6)1(8,0) + Fy (8, 6)0(6, ¢) (15)
we obtain the following relations by comparing the above two equations
Ep(0.-¢) = - E)(6,9)

E(6,- ¢) = Eu(8,)

(16)
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for any 8 and ¢. The above results are essential to deriving the symmetry properties of
~ & A Y proj

passive emission and active scattering cocflicients in the next two sections.

4. Symmetry of polarimetricbrightness temperatures

Thermal emissions from geophysical media are clectromagnetic radiations from fluc-
tuating currents represent ing the random thermal motions of charged particles with their
cnergy states changed by the absorption and scattering effects of the media. If the media
have geometric directional features or anisotropic medium properties, emission from such
media becomes partially polarized with its polarization state described by a Stokes vector

I with four parameters, Ty, 73, U and V [Tsaug ct al., 1985]:

Ty < EyE} >
R < EyE} >
Is= \ U | = ¢| 2Re < BB}, > (17)
1/

2Im < P]vl*},*l' >
where ¢ 1s 4 constant and Ej, and E, arc the horizontally and vertically polarized compo-
nents of the radiated electric fields illustrated in Figure 2. The angular brackets denote
the (Us( 1111)1( average, taking into consideration the random motion of charges. The

asterisk denot es t e complex conjugat e.

For rcflection symmetric deterministic targets, the complementary problem is the
same as the original problem. in addition, because the thermal current J is randon,
having a zero mean and a second moment proportional to tile iaginary parts of per-
mittivity and permeability, characterizing tile lossy effects of the medivin according to
t he fluctuation and dissipation theorem [Landau and Lifshitz, 1958; Yueh and Kwok,
1 9927], therandom current is characterized by a symmetric random process ( see Section
6). Heuce, for each realization of the random current J(7), there is always a realization

same as t hereflection image of T)(T).




For cachi realization of the random currents, Fiq. (16) implies that the electric field pou

radiated from the image current sources inthe complementary problemn must be related
tot he electric field radiat ed from the original random current sources by

2 v
EL(0,-0)|" = |y (6, ¢)|2

L8, - ¢)2= |FEu(8, ¢)|? (18)
. W o* - %
1 (8, —¢) K} (8, - ¢) = — Eu(6,¢)E}(8,4)
For media with reflection symimetry, which allows us to drop the superseript, ensemble
averaging the above equations over all realizations of randomn fluctuating currents leads

1D

<IEn (6.- ) > = < Ep(8,6))° >

E (8, -0 > =< Eu(8,0)° > (19)

<
< E‘U(Ga '¢) E/,*(H, “d’) > = - Ev(e, ‘f’)Eft(ea Q") >
Using Eq. (1 7), the above equations can be further translated into the symmetries of

Stokes parameters:
7&7(07 (j)) = 7}7(93 -7(1))
1)(6, 6) = 13,(8, - ¢)
(20)
Ul.¢) =-U(b, - ¢)

V(8,6)= -V (8, - ¢)

Hence, Ty and T, of reflection symmnetric media are even functions of ¢, while the third

an d fourth Stokes p aram eters are odd functions.

If ammedium is reflection symmetric with respect to both x-z and y-z planes, applying



Stokes parameters Ty, and T}, arc independent of azimuth angle ¢, and U and V' are zeros,

by successively applying the symmetry relations defined by Eq. (20) to any vertical plane.

Note that the symmetry relations deseribed above also hold for random media, as
long as the random distributions of permittivity and permeability functions are reflec-
tion symnetric. ‘This is because for any realization of the medium with e == e(@, y, z) and
jo= (@, y, z), there is always another realization with € = e(@, - y,2) and// =- p(x,—y, 2).
(SW the discussions inScction6). Aft er averaging t he Stokes paramecters over all real-
izations of € and g, the Stokes paramecters will satisfy the symietry relations showii in

Fq. (20).

The symmetry relations described in Fq. (20) are evident in Figure 3 illustrating
the polarimetrie brightness temperatures of sca surfaces measured with an incidence
angle of 4(1 degrees at K-band ( 19.35 GHz) by Yueh et al. [1994 c]. Asshown, Ty, 7}, ,
and Q( =T, - T}, ) are symmetric With respect to the wind direction (¢ = 00), while
the third St okes parameter U is an odd function of ¢. For ecasy comparison, second-
order cosine ( sine ) series fits of 7y, 7'},, and Q (U) are also included. Note that because
of the up/downwind asymmetric sea surface features, like foams and hydrodynamically
modulated capillary waves, the Stokes parameters, are less symmetric with respect to the

crosswind direction ¢ = 90°.

5. Symmetry of polarimetric scattering coefficients

Recent interest in the symmetry of polarimetric scattering cocflicients arouse from
the predictions of theoretical scattering models [Borgeaud et al., 1987] and experimenta
observations for the polarimetric remote sensing, of geophysical mmedia [Nghiem et al .,

1 993], indicating that the co- and cross-polarized components of backscattered fields are



(111-cail'[latc:(I for media with azimuthalsymetry,i.c., the mnedia are reflection symmetric
with respeet to any plane perpendicular to the x-y plane. In particular, this relation has
been successfully used to estimate the cross-polarization couplings existing in polarimet-
ric radars using the responses from distributed targets with azimmuthal symmetry [van Zyl,
19!1)0]. Explanation of this complete de-correlation between co- and cross- polarized re-
sponses from azimuthally symmetric media was conducted by Nghiem et al. [1992] based
on the condition givii by Eq. (1 1) 1 their paper. Incontrast, this paper directly derives
from the Maxwell cquations the symnetry relations of polarimetric bistatic and monos-
t atic scat tering cocflicients of reflection symmetric inedia, and Snows that the complete
de- correlation of co-polarized and cross- polarized respon ses from targets with azimuthal

syunnetry is a special case of thie general results.

Figure 4 depicts the scattering configuration, in which a target is illuminated by a
plane wave with horizont ally and vertically polarized components Ey, ; and Fy; incident
from the direction 6; and @is and scattered into the direction 6 and ¢ with the horizon-
t ally and vertically polarized electric ficld components denoted by Ej,¢ and Fus. The
polarimetric scattering matrix clements f,3 with a and 38 being either Lor v relate the

incident electric fields to the scattered electric fields by the following equation:

[Biooct] = 0 [fuafloitiong Jufhrgitinga)] [Kiflinti)] - (22)

wliere » is the range from the target to the receiver. Similar notations arc used with
the addition of a superscript “prime” indicating the electromnagnetic fields in the com-
plementary problem. For example, the scattering matrix clements in the complementary

problem are denoted by f('}ﬂ.

According toEq. (1 6), the dectric ficldsinthe origina and comnplementary problems




arc related by

](};IS(()’ - 9)= - Ehs(gv‘f’)

Eyg(6.- ¢) = Fus(6,0)

and

05y - i) = Epil8i, ¢4)
D03y — ¢i) = Eyi(8;, ¢1)
Because the above equations are valid for arbitrary excitations, the scattering matrix
clements of the original and complementary media are therefore related by
Frn(0,—160;—0i) = [1,(8, 6364, ¢4)
Fro(8 = 0:8i. = ¢i) = ~ fi,(8, 664, ¢;)
fll,],(g» - @3 8i, - ¢i) = - fun(0, 0 0;, ¢)
ft/rv(gv — @8, —0p) = fvv(ea H q‘)i)
For deterministic targets with reflection synmnetry, the complementary problemn becomnes
the original problem. The superscript can be dropped, leading to the results that co-
polarized scattering matrix elements are even functions with respect to x-z plane, while
the cross- polarized components are odd functions. An interesting special case is that
when ¢ = ¢; == 0, i.e., theincident and observation directions are on the reflection plaue,

the cross-polarized components fy,,, and f,;, become zero, as expected.

For randoinly distributed targets or rough surfaces, their scattering properties are

described by the polarimetric bistatic scattering coeflicients:

A < fap(6, 6565, 00) [ (8, 6365, 60) >
s = 7 OG0, 0:08 -

with a, 3, pandv being either hor v. The factor “A” is theilluminated area used to
normalize the scattering cross sections. The scattering cocfficient v, gy characterizes the
correlation between f, g and f;,, with the cuseinble average, denoted by <>, taken over
the distributions of al the medium parameters, including the permittivity, permeability,
and surface roughness.
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For cach realization of random medium or rough surface, the polarimetric bistatic
L » . ,
scat tering coeflicients, denoted 1 94 300 Of the complementary problemn can be shown

to be related to that of the original problem by

! Taguw(0,0: 0i,¢4), a=fandpg=v, 01 a# Fand yu # v,
e "3’11/(93*’94);01"' ¢1) = . - .
i Yasu(0: 0:0i,07), Otherwise.
(27)

by substituting the symmetry relations given in Eq. (25) into Eq. (26). If the random
medium is reflection symmetric with respect to the x-z plane, tile complementary problem

reduces to tile original p roblem, meaning that Eq. (27) reduces to

Yapu 0 9:0i,¢), «=pfand p=wv,or a # g and pu # v;

‘7“/3/”/(9‘ SOl o) = { ) 7(.13/11;(9, ¢ 0;,0;), otherwise,

(28)
Note that the scattering cocflicients denoting the correlation between co- and cross-

polarized responses have odd syiminetry, while the others are symimetric,

In the case of backscattering, where transmitting and receiving antennas are collo-
cated, the polarimetric backscattering coefficients are related to the bistatic scattering

coeflicients by

N
(s}
N

00/3111/(91" ‘7’1’) = cos 8; 'Yaﬂm/(gia ¢i 4 w65, 05) (

Iut he following discussions, op phhs Cvvves @hohvs and 0, vh are represent ed by conven-
tional notations oy, Gvv, Opy, alicl o4, Because the factor cos 8; is not a function of the
azimuth angle ¢;, the syinme try of polarimetric backs cattering coeflicients can be casily
reduced from that of bistatic scattering cocflicients. Explicitly, the conventional backscat-
t ering cocflicients and the correlations between two co-polarized or two cross-polarized
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responses are even functions of ¢yt
i (bie - 0p) = onp(bis @7)
ovu(lis— i) = ovu(bi, ;)
oo (8i - 9i) = Onpan(0i, ¢1)
oholfii - 0j) = opy(6iy 6i)

01?/1(92'3 o 4’2’) = O-vh(aia d)i)

(30)

Ohovh (8iv— i) = opyun(bi, di)

while the correlations between co- and cross-polarized backscatters are odd functions:
T biv - 07) = ~oppnbi o)

onhon(0i,—¢:) = - oppen(0i, 04)

(31)
O o (bis — @) = =~ O oo (05 ¢7)
Tvh Uv(gis ~ @) = "Olvhvv(gia ¢i)
For the special case that the incidence direction is on the reflection plane (¢; = 0),
Eq. (81 ) nmplies that
i i, 0) = oppun(65,0) = Ohvvv(eivo) = Oyhyo(0i,0) = 0 (32)

meaning that the co- and cross-polarized responses are un-correlated. This has been
observed i the results of many scattering models for geophysical media with reflection
symmnetry, sucl1 as the random medium model by Borgeaud et al. [1987), but has not

proved to be exact until now.

Note that Eel. (30) shows that the backscattering coeflicients oy, and oyy are even
functions of the azimuth angle ¢;. This has been well known in the microwave backscat-
t ering coetflicients of wind-generated sea surfaces, which are syinmetric with respect to the
wind direction. For example, the SASS geophysical model function [Wentz et al., 1984],
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cmpirically relating the occan wind veetors to the microwave backscattering cocfficient

og (o), or opy) by the following harmonics expansion:
op= Ag 4 Aycos ¢; + A9 cos 2¢; (33)

which is an even function Of the aziiuth angle @i- Figures 5(a) and (b)illustrates oo,
and g, j,, caleulated using t he S.4SS geophysical 111 odel function, as a function Of ¢ifor
the wind speed of 11.5 m/s. The same plots also include the backscatters measured by
NUSCAT during Surface Wave Dviamics Experiment (SWADE) in 1991 [Nghiem et al.,
1993b]. As shown, o), and 0, , are symmetric functions Of ¢;. To study the symmetry
properties of the other polarimetric backseattering cocfficients | also included in Figure
Sarct he theoretical polarimetric backscattering coefficients calculated using at wo scale
sca surface scattering model originally developed by Durden and Vesecky [1985] for oy
and o), and generalized to polarimetric scattering by Yuclhiet al. [1993]. F'igure 5(c)
1 (WYIIS 2180 degrees phase change 111 pyjpp anid plpe at the upwind (¢; = 0° degrees)
and downwind ( 1800 ) dircctions, indicating that theorctical correlations between co- and
cross-polarized responses from sea surfaces have odd symietry - as proved in this paper
based on reflection symmnetry asswinption. Note that as expected, all backscattering
cocflicients are less symunctric with respect to the crosswind direction because of the

up/downwind asymmetric features in wind-induced sea surfaces.

6. Conditions for Reflection Symmetry

Though reflect ion symmetry has bheen used frequent ly to verify solutions or simplify
problems, the criteria for media to be reflection syminetric have not yet been addressed. In
fact this is aquestion that cannot be answered based on electromagnetics alone, hecause
the medium parameters, describing the coustitutive relations, such as the permittivity
and permeability, are determined by how the particles react under the influence of CICC.-
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tromagunetic forees together with other mechanical forces present in the media. Hence,
the most general approach to decide whether a inedium is reflection symmetric should be
to show that all rclevant physical laws, which govern particle motions, such as Lorentz
force for charged particles and Schrodinger equation in quantum mechanics, have to be
reflection symmetrie. However, to avoid such complexity and to discuss cases as general
as possible without being constrained to specific physical mecha nisins or governing laws,

this paper investigates a general type of media: bianisotropic media [I<ong, 1986].

In electromagnetics, the macroscopic medium properties are deseribed by a set o f
constitutive relations, which connect the veetor ficlds . H, D, and B together. The

constitutive relations of bianisotropic media are given by

T
i
~
_—
—_
!
by
L]

(34)

where € and Ji are the permittivity and perimeability tensors, Y describes how electric
displacement reacts in the presence of magnetic field and ¢ causes the magnetic flux
density to respoud to the electrie field. Similarly, the constitutive relation of the medium

in the complementary probleimn is described by

1)/ = :él . T/’, 4 “XI 71

(%)
ot
—

For convenience, the tensors described above shall be represented by a three-by-three
matrixin the Cartesian coordinate. For example,the matrix € is denoted inthe Cartesian

coordinate as
€Crr €ry €22

€ — (IIJ' (yy (yz (56)
€1 f:y €22

Simlar notations are used for all thie othier tensors.
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Because the reflection operations defined by Eqs. (4) and (5) hold for arbitrary field
- - . w =1 oz =! -
quantitics, it is straightforward to show that €, j¢, X and , evaluated at the position

i" = (J, y,z)arcrelated to € 70 1\, and Z, evaluated at7=(x,-y,z2)by

! / / ~
(.I'J' (J']/ (J'Z €ry - (fy €rz
' I i ) _
‘;w' ‘.;/y ‘;/: (‘yl‘ ‘3{/11 (‘yz (37)
» L €z - €y 22 o (g -y,
o Gy Sl ) re(rmve)
/ / 7 -
‘(/’1'.1' Hry Ha: Hay - fry Haz
! / ! o _ .
/";/1' /’;/y /l_lzj: = lllyl, ./1.’[/.‘/ /1/11/2 (38)
e iy /’::_7—:(1‘3/‘*) S ftzy v (2-y2)
C A X _
XNex XNy Nz ] “Xzx XNry —Xazz
! / N . . — v .
\ ;/1' A\ yy X ;u: == L /\i{-?' XX vy X\@{Z (39)
, v . “NXzx 2y . -2 N
_\:.I‘ \:,U \:., J3- (J,‘y’:) 7 (Jv Y, )
and / , /
Qm.r @ry Qa': l ”'Craf C:lry “Crz
C.;/J? C3,/3/ <.;/: = Cl{T ~Cyy Cye (40)
~1 -1 <1 —(op - (o ) )
Q:Jl (’:lll g:: Ji;:r(gl’y":) gz.l Czy C~ 7):7(./1‘"‘3['4)

For lie)lllc)g( 11( oils, bianisotropic media with reflection syminetry with respect to x-z plane,
the above relatious imply that

€ry = €yr =7 €yz = €2y = 0

Moy = Hyr & flyz = floy = 0
(41)

Nre & Nyy 7 XNzz & X2z = Xzx & 0
Coa - Cuy= Cez=Coz=Cr= O
1 3ianisotropic media satisfying the above symmetry conditions have been used by Yang

and Uslenghi [1993] in their analysis of planar bianisotropic waveguides.

Special cases of bianisotropic media include isotropic media, biaxial media, chiral
media, and gyrotropic media. For isotropic media with ¥ = ( = O and € and i being a
scalar, Equations (37) and (38) reduceto

fl(l‘, Y, z) = ((‘Tays Z)
(42)

i@, —y,2) = plx,y,2)
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Therefore, for deterministic, isotropic mediathe media are reflect ion symnetric if and
only if e and p are even functions of y. in contrast, for random media with € and p
deseribed by spatial random processes, reflection symmetry means that the governing
random processes for € and 4 are symmetric with respect to the reflection plane. In other
words, if €=z e(a,y,z) and j= p( 2, y, 2 ) are realizations of the random medium, then

there exists another realization with e = e(@, -y, 2) and j = p(x, - y,2).

For a homogencous biaxial medium, ¥ and ¢ are zero, the permeability is a scalar,

and the permittivity is a diagonal tensor in the principal coordinate described by

= ~1 Al ~f A1 ~lal
€= 13 A eyy +€;22 (43)

If the medium is rotated with respect to the y-axis by an angle v, then the matrix

representation of € in the laboratory frame becomes

€z cos2 4 exsiny 0 (€, - €x)cospsing
0 €y 0 (44)

o .2 2
(€, —ex)cosysiny 0 €psin®y + €, cos®

N
tr

Hence, the medium is reflection symimetric with respect to the x-z plane, but not the

othier vertical planes.

Uunlike biaxial media, a gyrotropic medium is anisotropic but nou-reciprocal [Kong,
19S7], including either electrically gyrotropic media or magnetically gyrotropic media.
The general form of € for an clectrically gyrotropic medium, such as electron plasma under
t hie influcnce of an applied external DC magnetic field, with the optical axis pointing in

the z-direction is given by:

_ € 1€ 0
€= |- 1€g € 0
0 0 €;

Asdiscussed, the medium is reflection symmetric with respect to the x-y plane, but not
the x-z nor y-z planes.
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For ehiral lis . . L .
or chiiral media, which have been receiving significant attention in recent years, the

constitution relation is

D eF+4ivH
(46)

B= —-inE+ pH
Hence, according to Eq. (41), homogencous chiral media are not reflection symetric
with respect to any vertical plane. However, the reflection image of a right-handed chiral

medium (y > () is a left- handed chiral inedium (x < 0), and vice versa,

7. Summary

This paper has analyzed t he syviminetry properties of polarimetric active scat tering
and passive cmission cocflicients of media with reflection symme try. For passive remote
sensing, it is shown that the first two Stokes parameters of thermal radiations from
reflection syminetric objects are even functions with respect t o the syminetry plane,
while the third and fourth Stokes parameters are odd functions. For active scattering, the
correlation coetlicients of co- and cross- polarized respor ises are antisyminetric, unlike the
other polarimetric scattering cocflicients. These symmetry relations are shown to agree
with t he azimuthal signatures of microwave backseattering and emission measurciments
of seasurfaces and artificially constructed surfaces with direc tional features reported in

the literature.

Pot ential applications of t he studied symmetry relations include the detection of
geophysical directional features using polariietric remote sensing measurements. For
cexample, the symmetry property of cach polarimetric scattering or emission paramcter
derived in this paper suggests an appropriate functional form for the geophysical model
function whiclhirelat es the radar or radiometer observations to the direction of geophysical
features. That is, while a cosine series of the azimuth angle was appropriate for the HH

17



and VV backscattering coeflicients in the SASS model function [Wentz et al., 1984], and
the brightuess temperatures at horizontal and vertical polarizations in the SSM/I model
function [Wentz, 1 992] of scasurfaces, a sine series should be used in the geophysical
model function of the other polarimetric scattering and emission coefficients which have

odd symmetry [Yueh ('t al., 1994D, ¢].
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